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Abstract. We investigate Co nanostructures on Bi2Se3 by means of
scanning tunneling microscopy and spectroscopy (STM/STS), x-ray absorption
spectroscopy, x-ray magnetic dichroism (XMCD) and calculations using the
density functional theory (DFT). In the single adatom regime we find two
different adsorption sites by STM. Our calculations reveal these to be the fcc
and hcp hollow sites of the substrate. STS shows a pronounced peak for only
one species of the Co adatoms indicating different electronic properties of both
types. These are explained on the basis of our DFT calculations by different
hybridizations with the substrate. Using XMCD we find a coverage dependent
spin reorientation transition from easy-plane toward out-of-plane. We suggest
clustering to be the predominant cause for this observation.
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2With decreasing dimensionality and size of nanostructures, there is an increasing importance of
the electronic interactions with the supporting substrate. This may lead to new electronic and
magnetic properties, e.g. on substrates with a large spin–orbit interaction (SOI) giant magnetic
anisotropies of isolated Co atoms were discovered [1] while on alkali metals these atoms
behave as being quasi-free with vanishing magnetic anisotropy energies [2]. The interaction
of nanostructures with the supporting substrate might also induce spin reorientation transitions
(SRTs); for example, a monolayer of Fe on W(110) reveals an in-plane anisotropy while the
anisotropy changes to out-of-plane if a second layer is grown on top [3]. The adsorption of
individual magnetic adatoms and nanostructures on exotic surfaces, like three-dimensional
topological insulators (TIs) is currently of high interest both from a fundamental point-of-view
as well as in view of potential applications. TIs are a new class of materials characterized
by a strong SOI which leads to gapless surface states with an odd number of Fermi-level
crossings within the bulk band gap [4]. In the simplest case, a single Dirac cone consists of
two spin-polarized linear dispersing branches and the crossing point, i.e. the Dirac point (DP),
is protected by time reversal symmetry [5]. The time reversal symmetry is broken if magnetic
impurities are introduced and the DP gets massive if species with a net out-of-plane magnetic
moment are added [6–11]. For this reason, we investigated the properties of Co atoms after
their adsorption on the surface of Bi2Se3. By means of scanning tunneling microscopy and
spectroscopy (STM/STS), x-ray absorption spectroscopy (XAS) and x-ray magnetic circular
dichroism (XMCD) we explore the electronic and magnetic properties of the transition metal
(TM) adatoms. We explain our findings based on density functional theory (DFT) calculations
performed in the generalized gradient approximation [12].
The experiments have been carried out in two separate ultrahigh vacuum systems. STM
and STS experiments were performed at 5 K on Bi2Se3 single crystals in situ cleaved at
low temperatures. Using electron beam evaporators Co was directly deposited onto the cold
sample at 12 K to obtain well-isolated Co adatoms on the surface. To gain information about
the local density of states (LDOS) electronic conductance (dI/dU ) spectra were acquired
by means of a lock-in technique using a modulation voltage Umod = 20 mV and a frequency
f = 5 kHz. The XAS and XMCD experiments have been carried out at the ID08 beamline at
the European Synchrotron Radiation Facility. While the measurement temperature was about
T ≈ 8 K, the single crystals had to be cleaved at room temperature and immediately cooled
down afterward. Co atoms have been deposited by using an electron beam evaporator with the
substrate remaining in the measurement stage at a temperature of T ≈ 10 K. X-ray absorption
spectra were obtained in the total-electron-yield mode using almost 100% polarized light.
Magnetic fields of up to 5 T were applied collinear to the incident beam. In addition, the sample
was rotated from normal 0◦ to steep 70◦ incidence angle to obtain information about the in- and
out-of-plane magnetic properties. All spectra have been normalized with respect to the incident
beam intensity and the Co L3 pre-edge intensity.
We used STM to address the local properties of the Co adatoms. Contrary to a recent
work on Co monomers on Bi2Se3, where the authors concluded Co atoms to adsorb on Se top
sites [13], we find two different types of Co atoms on Bi2Se3. Figure 1(a) proves that both
species (in the following CoA/B) occupy different adsorption sites which we illustrate by the
white guidelines to the eyes. Regarding their apparent heights and shapes as well as the influence
on the surrounding substrate further differences appear among both species. On the one hand,
for the stabilization voltage chosen, CoA shows a larger apparent height (≈ 0.7 Å) than CoB
(≈ 0.3 Å). On the other hand, in case of CoA, the substrate shows an almost sixfold symmetric
New Journal of Physics 15 (2013) 113026 (http://www.njp.org/)
3Figure 1. (a) STM topography of two different isolated Co adatoms on Bi2Se3.
The tunneling parameters are U = 0.2 V and I = 0.75 nA. The inset shows
a theoretical simulation of the bare surface. The white lines are guide lines
to the eyes representing Se top sites. (b), (d) Magnified views on both types
of adsorbates showing the affected surface in their vicinity as well. (c), (e)
Simulations of Co atoms adsorbed in the fcc and hcp hollow site for a bias
voltage of U = 0.1 V.
pattern in its vicinity whereas CoB induces a threefold symmetric pattern, compare figures 1(b)
and (d). Importantly, at no bias voltage, the Co adatoms appear as dark triangular depressions
which generally would hint toward a substitution of Bi at its lattice site, which e.g. has been
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4found for Fe adatoms after room temperature annealing [14]. For a coverage of 0.01 monolayer
equivalent (MLE) the relative abundance of both species is approximately three to one with a
predominance of CoA type adatoms indicating that the adsorption site of CoA is energetically
favorable. We note, that depending on the tunneling parameters (e.g. during STS) CoB type
atoms can be manipulated and afterward appear as CoA. A change from CoA toward CoB has
never been observed.
To elucidate our STM/STS observations, DFT calculations using the full-potential
linearized augmented planewave method as implemented in the fleur-code6 have been
performed. The model comprises a (
√
3×√3)R30◦ unit cell of four quintuple layers of
Bi2Se3. We find the fcc hollow position to be the energetically most favorable adsorption
site. Nevertheless, the hcp hollow position is unfavorable by only ≈90 meV per atom. For
a comparison with the experimental data, STM topographies of the bare surface have been
simulated using the vacuum density of states up to +100 mV, compare the inset of figure 1(a). At
this voltage the Se atoms show up as bright triangles. Guidelines which cross at these positions
reveal that CoA/B do occupy different hollow sites. Further simulations of Co atoms adsorbed in
the fcc and hcp hollow sites reveal different appearances of both species, shown in figures 1(c)
and (e). The good agreement between the simulated topographies and the experimental data let
us conclude that CoA is adsorbed in the fcc hollow site while CoB is adsorbed in the hcp hollow
site. This assignment is further supported by the relative abundance if the energy difference
between both adsorption sites is taken into consideration.
In addition, the simulations indicate a relaxation of the Co atoms into the surface of Bi2Se3
in both cases by ≈ 0.2 Å. Opposite to theory, the experimentally resolved apparent heights
differ significantly in case of fcc and hcp occupation. Thus, we relate the difference of the
observed apparent heights to different hybridizations with the surrounding atoms resulting
in different electronic properties for both species (adsorption sites). Therefore, the adatoms
have been investigated by means of STS. Figure 2 shows STS spectra of pristine Bi2Se3
and Co/Bi2Se3. While for the pristine crystal the onset of the bulk valence (conduction)
band is detected at ≈−450 mV (≈ 0 mV), we find a global minimum (blue arrow) which
we assign to the DP at −300 mV. The shift with respect to the Fermi level indicates that the
crystal is naturally electron doped, being in agreement with previous observations [15, 16]
and attributed to the existence of SeBi antisite defects [17]. Upon Co deposition of 0.01 MLE
the off-dopant spectrum exhibits a global minimum (black arrow) at ≈−350 mV, which
hence depicts an additional shift of ≈−50 mV of the DP with respect to the Fermi level.
We conclude that Co further n-dopes the substrate and acts as a donor. In contrast to recent
predictions [18, 19], no indication of a global surface band gap has been found after the
deposition of Co adatoms. Regarding the STS spectra of the adatoms, no distinct resonances
have been found in case of CoA, whereas CoB type adatoms reveal a pronounced peak at
−400 mV. According to our theoretical calculations, the different electronic properties and
the appearance of a resonance only in the hcp case are caused by different hybridizations
of the Co 3d electrons with Bi2Se3, as is illustrated in figure 3. The fat band analysis of Co
adatoms in the fcc (figure 3(a)) and hcp hollow site (figure 3(b)) reveal the DPs to be located
at −0.55 and −0.25 eV, respectively. Spin up and spin down weights are defined with respect
to the easy axes of both configurations, which are in-plane for fcc and out-of-plane for the hcp
adsorption. While in case of hcp occupation the band structure shows two additional Co bands
6 For a detailed description, see www.flapw.de.
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5Figure 2. STS of pristine Bi2Se3 (right y-axis) and 0.01 MLE Co/Bi2Se3 (left
y-axis). The off-dopant spectrum has been acquired after Co deposition far away
from any Co adatom. The blue and black arrows indicate the energetic position
of the DP before and after Co deposition and, hence, reveal a shift of≈−50 mV.
Tunneling parameters are U = 0.2 V and I = 0.1 nA.
Figure 3. Fat band analysis and vacuum DOS of Co adsorbed in the fcc hollow
site (a) and in the hcp hollow site (b). The red and blue lines indicate spin up
and spin down states with respect to the easy axes while the black lines depict
the total DOS. The size of the circles gives the spin-polarization of the states in a
region above the surface. The gray lines depict the computed DPs at −0.55 and
−0.25 eV for fcc and hcp occupation, respectively.
at≈−0.1 eV below the DP, these bands are shifted toward≈ 0.3 eV above the DP in case of fcc.
We also notice the different dispersion of these bands in the fcc and hcp geometry: while in the
latter case the hybridization with the topmost valence band (mainly Bi pz states [20]) leads to an
New Journal of Physics 15 (2013) 113026 (http://www.njp.org/)
6increase of the binding energy at the center of the Brillouin-zone, in the fcc-case the dispersion
of the band is inverted. As a result, the Co-induced peak in the vacuum density of states (DOS)
is energetically higher in the hcp than in the fcc case. Although the calculations were performed
for a coverage of 0.33 MLE and, hence, the absolute positions of the peaks cannot be directly
compared to the STS data, the differences between the fcc and hcp occupation are significant
and can be related to the different STS observations, in particular the pronounced peak observed
for CoB.
The electronic and magnetic properties have been further tested by XAS and XMCD
measurements, summarized in figure 4. A sketch of the experimental setup is depicted in
figure 4(a). Different coverages ranging from 0.01 to 0.08 MLE have been investigated.
Independent of the coverage, the shapes of the XAS spectra show no distinct multipeak
structures besides a slight shoulder on the high-energy side of the Co L3 edge at approximately
780.2 eV, compare figures 4(b) and (c). The XAS line shape suggests the Co atoms to be
in the electronic configuration of 3d7 [21]. This result is in agreement to recent works on
Fe/Bi2Se3 [22] as well as Fe and Co/Bi2Te3 [23] where the TM adatoms were found to be
in their pristine configuration as well. Furthermore, the XAS spectra can be used to estimate
the branching ratio (BR) which serves as an indicator of the spin character of the ground
state of the adatoms7 [24]. Within the coverage range investigated, we find a constant value
of BR= 0.84± 0.01 which suggests a high-spin ground state of the Co adsorbates. The inset in
figure 4(b) shows the angular dependence of the XMCD signal normalized with respect to the
L3 XAS intensity, which can be used as an indicator for the easy axis of the Co adatoms. For
the low coverage regime we find the signal strength for normal incidence angle to be enhanced
by about 20% compared to the signal at grazing incidence angle. This suggests the easy axis
to reside in the surface plane similar to Fe/Bi2Se3 [22] and contrary to predictions of an out-
of-plane anisotropy for Co/Bi2Se3 in [13, 19]. The experimentally indicated easy-plane easy
axis is particularly in line with our calculations, which predict an easy-plane magnetocrystalline
anisotropy energy (MAE) in case of fcc hollow site occupation (CoA; Kfcc =−6 meV) and
an out-of-plane MAE in case of the hcp hollow site (CoB; Khcp = +3 meV), where K denotes
the MAE per adatom. Taking the relative abundance into account (low coverage: nCoA/nCoB =
3/1) an easy-plane anisotropy is theoretically expected. The agreement further supports the
assignment of the adsorption sites to the different types of Co adatoms. We note, that a site-
dependent anisotropy has been reported before on metal substrates [25, 26] and as usual
depends on the layer thickness, which—for our calculations—has been 0.33 MLE. Moreover,
we investigated the anisotropy using the normalized L3 XMCD intensity as a function of the
coverage, see figure 4(d). Based on the accuracy level given for the estimation of the coverage,
the relative L3 XMCD/XAS intensities acquired at both angles suggest an in-plane easy axis at
low coverages (0.01–0.04 MLE) and an out-of-plane easy axis for 0.08 MLE.
Unfortunately, the magnetic moments of the Co adatoms have not been saturated at
the maximum magnetic field available 5 T and, thus, deducing the orbital and effective spin
moments would be unreliable. However, the ratio (R) of orbital to effective spin moment8
is independent of the saturation and can be used for conclusions about the investigated
sample. In the regime of single atoms, we find R = 0.33± 0.02, which is in good agreement
7 BR: ratio of the integrated XAS of the L3 edge divided by the sum of the integrated XAS of the L3 and L2 edges.
8 R: ratio of orbital magnetic moment (mL) to the sum of spin moment (mS) and spin dipole moment (mD)
according to R = mL/(mS + 7mD), where the moments are given in µB/atom and are projected along the incident
beam direction.
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7Figure 4. (a) Sketch of the experimental setup. The magnetic field can be applied
parallel to the incident beam direction whereas the sample can be inclined with
respect to this direction. (b) XAS and XMCD spectra for 0.01 MLE of Co/Bi2Se3
for normal (upper panel) and grazing (lower panel) incidence angle. The inset
shows the XMCD signal strength normalized by the XAS L3 peak height. (c)
Spectra for an increased coverage of 0.08 MLE. (d) Normalized XMCD signals
for a series of coverages ranging between (b) and (c) for normal (left panel) and
grazing (right panel) incidence angle. The colored lines are guidelines to the eyes
indicating differences between both angles.
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8with [13] and significantly larger than the Co bulk value [27]. The increase of the Co coverage
toward 0.08 MLE goes hand in hand with a gain of the ratio until R = 0.49± 0.03 which
indicates relevant changes in the orbital and effective spin moments. Such a trend was observed
before [13] although the orbital moment is expected to diminish upon increasing the mean
cluster size [1]. This contradiction can be understood taking the SRT into consideration. In
case of the low coverage (0.01 MLE) we find an easy-plane anisotropy, i.e. mxL > mzL for z
denoting the direction parallel to the surface normal. Hence, the ratio is given by R0.01 =
mxL/m
x
S = 0.33± 0.02. For the high coverage regime (0.08 MLE) we deduce an out-of-plane
easy axis which, according to Bruno [28], means that mxL < mzL in this case. Furthermore, in
good agreement with our theoretical model, we can assume the magnetic spin moment to be
independent of the orientation, i.e. mxS ≈ mzS (1.17≈ 1.15µB/atom). If the ratio of in-plane
orbital moment and in-plane spin moment additionally remains constant while increasing the
coverage, then an increase of the ratio given by R0.08 = mzL/mzS = 0.49± 0.03 is possible and
essentially driven by the SRT. We note, that these conclusions are based on the assumption of a
vanishing spin dipole moment mD and that the magnetic spin moments have been calculated for
a coverage of 0.33 MLE.
In order to understand the SRT in more detail, we performed a series of STM/STS
experiments at elevated coverages (up to 0.1 MLE) and determined the ratio of adatoms showing
a resonance at −400 mV, i.e. CoB, to those not exhibiting this resonance. Although we observe
slight changes of this ratio, no drastic modifications were found. Therefore, we experimentally
rule out the possibility that a change of the relative population of fcc and hcp hollow sites upon
increasing the total Co coverage might cause the observed SRT. Instead, we assign the transition
to the decrease of the mean distance between the adatoms upon increasing the Co coverage.
From this an emerging interaction as well as the growth of clusters seems plausible, which
consequently causes serious modifications of the electronic properties as well as the anisotropy
of the magnetic moments. This conclusion is supported by the XAS line shape showing a
decrease of the high-energy shoulder at the Co L3 edge upon increasing the coverage, compare
figures 4(b) and (c). Furthermore, the series of coverage dependent XMCD spectra (figure 4(d))
shows that the peak position monotonically shifts downward in energy while increasing the
coverage. The exact shape of the XAS spectra is determined by the average chemical state and
the average crystal field of the ensemble probed by the x-ray beam, since the symmetry and the
splitting of the crystal field as well as the chemical state might be slightly different for hcp and
fcc occupation. Hence, we relate the variations of the XAS line shape and the shift of the L3 peak
position to changes of these quantities. The upcoming growth of clusters while the coverage
is raised certainly influences both and, therefore, is a likely explanation for the mutation of
the XAS/XMCD spectra. Note, that in the high coverage regime, similar to the low coverage
regime, no gap opening has been detected for spectra acquired as far away from any impurity as
possible, although the out-of-plane easy axis is evidenced by XMCD. A possible reason might
be given in view of the clusters being the predominant cause of the variation of the anisotropy,
since spectra in their vicinity have not been measurable because the tunneling conditions have
not been sufficiently stable at these locations. In contrast, by the global technique of XMCD
the clusters’ influence can be easily detected. In general, our conclusions are supported by
a recent study on bulk-doped Mn–Bi2Se3 where excess Mn clusters have been observed on
the crystal’s surface and suggested to significantly influence the surface magnetization of the
sample [29].
New Journal of Physics 15 (2013) 113026 (http://www.njp.org/)
9In conclusion, by means of STM we find Co adatoms to occupy fcc and hcp hollow sites
on Bi2Se3 after low temperature deposition. The irreversible switching from CoB into CoA as
well as the employed DFT calculations let us assign the CoA type adatoms to be adsorbed
in fcc hollow sites. The DFT calculations further indicate different hybridization effects to be
the cause for different electronic properties of both species found within the STS spectra. Using
XMCD, we determine an easy axis of the magnetization in the surface plane for the low coverage
regime, whereas it changes to out-of-plane upon increasing the Co coverage. Cluster formation
is suspected to be responsible for the observed SRT.
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